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ABSTRACT

Melt dispersion experiments at low system pressures were conducted in the DISCO-C test facility, where an annular cav-
ity design is modeled in a scale 1:18. In these test series only cold simulant materials were used: nitrogen and helium instead
of steam, and water and a bismuth alloy instead of melt. Failure pressures under 2 MPa, and different breach geometries and
positions were studied. The experimental results have shown, that the failure mode of the lower head plays a predominant
role in the dispersion process. It has also been observed, that even at low system pressures large amounts of melt can be car-
ried out of the cavity in form of a liquid film that flows up at the cavity wall into the compartments as well as in form of dis-
persed droplets. In a series of three experiments, drop sizes as well as drop and liquid jet velocities were measured. Moreover,
gas blow down velocities in the annular gap were measured in certain experiments.

INTRODUCTION

Up to now, melt dispersal and DCH phenomena have been investigated intensively mainly for cavity designs with large
instrument tunnels leading into the compartments, relatively high melt ejection pressures and small holes centered at the
lower head [1, 2, 3]. However, only few works have studied these phenomena with an annular cavity design similar to that of
some European PWRs and the European Pressurized Reactor (EPR), where the only large pathway out of the cavity is the
narrow annular gap between the reactor pressure vessel (RPV) and the cavity wall. Moreover, there are few works which
study RPV failures during low pressure melt ejection scenarios. Therefore, the DISCO (Dispersion of Simulated Corium)
program is aimed at low failure pressures, different failure modes and larger breach sizes using an annular cavity design
similar to that of the planned EPR.

The experimental program has been divided into three parts:

-Two experiments at the Sandia National Laboratories (SNL) in cooperation with Forschungszentrum Karlsruhe (FZK),
Institut de Protection et de Siareté Nucléaire (IPSN) and the U.S. Nuclear Regulatory Commission (NRC) [4]. These tests
were performed with thermite melt, steam and a prototypic atmosphere in the containment in a scale 1:10. The main results
showed that even failures at low system pressures can lead to a considerable ejection of liquid out of the cavity.

-A series of experiments using cold simulant materials to study the fluid dynamics of the dispersion process in the test
facility DISCO-C (EPR geometry, scale 1:18) at FZK. The fluids employed are water or a bismuth alloy (p = 9230 kg m>,
Tmee = 60°C, similar to Wood’s metal) instead of corium, and nitrogen or helium instead of steam. This part of the
experimental program has been practically concluded. The results of these experiments are presented here, focusing
especially on the results obtained in a series of experiments where drop and liquid jet velocities as well as drop sizes were
measured. These parameters are predominant to characterize energy transfer processes between the dispersed corium and the
containment atmosphere and can be used for validation of scaling models [5] and CFD-Codes [6].

-A third series of selected tests in the DISCO-H facility, also at FZK. With the same scale as DISCO-C, experiments will
be carried out with thermite melt, steam and a prototypic atmosphere in the containment to study thermal and chemical ef-
fects in the dispersion process.

DESCRIPTION OF THE TEST FACILITY

Experimental set up

The experimental set up is shown in Fig. 1. The main components of the test facility are:

1. The pressure vessel (PV), with a total volume of 0.0879 m?, consists of a steel pipe that models the volume of the EPR
pressure vessel and the volume of part of the RCS. A disk holding 8 pipes separates the two partial volumes in ratio 60:40
(RCS:RPV). The lower head of the RPV can hold 3.4 10~ m? of liquid, which corresponds to 20 m?® or 160 t of corium.

2. The cavity, a Plexiglas cylinder with an inner diameter of 342 mm, is attached to the vessel support structure. The only
flow path out of the cavity is the annular gap existing between the cavity itself and the RPV. This annular gap, with a total
flow cross section of 0.02188 m?, leads to the main coolant lines and subsequently to the compartments. There is a second
possible flow path out of the cavity through four ventilation openings in the lower part of the Plexiglas cylinder, which lead
to the melt spreading room. However these openings were closed in all of the experiments except in an special one (S-01).




3. The eight main coolant lines are modeled each one
by a rod inside a pipe. These nozzles have a total flow
cross section of 0.03077 m?.

4. The compartments, eight boxes which model in vol-
ume the steam generator and pump rooms (0.3 m* and
0.131 m* each respectively), are connected to the nozzles
and are placed on the vessel support structure around the
RPV. They are covered by filters on their tops for the ex-
traction of fog and drops. Two boxes have one Plexiglas
wall to permit optical access for flow visualization.

5. A conical ring at the pressure vessel support, that
represents a constriction for the flow, with 16 holes with a
diameter of 26 mm. The total flow cross section through
the vessel support reduces then to 0.01890 m?. There is a
space behind this conical ring, where liquid can be col-
lected during the experiments. To avoid this, the space was
filled with silicon rubber up to the height of the 16 holes in
some of the latter experiments.

Failure Modes

The DISCO-C experiments are the first which test the
effect of different RPV failure geometries on the dispersal
rates. The following failure modes of the lower head were
studied:
1. Central breaches
2. Lateral holes
3. Lateral slots
4. Unzipping and tilting of the lower head

Central holes positioned at the bottom of the RPV were
studied in the first series of experiments. The holes were
closed by a rupture disk with an opening diameter some-
what larger then that of the hole. A similar construction
was employed for lateral holes but they were placed 50 mm
above the bottom of the lower head in a 45 degrees inclined
axis. Lateral slots were also placed in a 45 degrees axis but
with the lower edge 56.1 mm above the bottom of the ca-
lotte. With this configuration, a failure due to a side-peaked
heat flux was modeled. Lastly, the complete rupture of the
RPV bottom was modeled by unzipping and tilting of the
lower head. To simulate such a failure, the lower head was
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.1 The DISCO-C test facility

supported by a vertical rod held by four bolts connected to detonators. By breaking the bolts, the rod was released and the
lower head fell down attached at one side at the RPV. The flow cross section of the failure was defined by the height of four
pedestals placed at the bottom of the cavity to stop the movement of the lower head. A scheme of all these failure modes is
presented in Fig. 2.
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Fig. 2 Failure geometries used in DISCO-C

a. Central hole
c. Lateral hole, @50 mm

b. Lateral slot, equivalent to @25mm
d. Lateral hole, @25 mm
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e. Unzipping and tilting of the lower head



Geometry variations

To investigate the effect of different initial liquid pool depths a standpipe was mounted inside the pressure vessel in two
experiments (Fig. 5). The standpipe can hold the same amount of liquid as the lower head. This geometry was also used by
Bertodano et al. [7] and Kim et al. [8].
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ing into the melt spreading room and T-02

Additionally, some tests with different cavity designs were performed. In one design, the diameter of the cavity was in-
creased to make room for an extra cylinder, that should trap the liquid mass and prevent the dispersion out of the cavity (Fig.
4). The other modification in the cavity geometry deals with the venting openings of the reactor pit. There were four holes in
the lower part of the pit that were connected by a circumferential channel and a tube to an extra compartment modeling the
spreading room (Fig. 3).

EXPERIMENTAL PROCEDURE

The experiments were carried out in the following way:
The pressure vessel was filled at a pressure close to the failure pressure of the disk. Opening the pneumatic valve between the
pressure vessel and an auxiliary vessel, filled at a higher pressure, the pressure in the pressure vessel was increased until the
rupture disk broke. A break wire placed on the rupture disk gave the signal for the time mark t = 0 s and closed the pneumatic
valve.

Pressure and temperature
Absolute pressures and temperatures were measured at the positions indicated in Fig. 1 during the transient with a sam-
pling rate of 2.5 kHz. From these data blow down histories could be analyzed.

Dispersal Rates

The liquid fraction dispersed out of the cavity could be measured by weighing the compartments before and after each
experiment (accuracy = 0.1 g). The liquid that remained in the cavity was dried with a cloth and also weighed except for the
case of metal alloy, because the liquid was already solid after the experiments and could be weighed directly.

Gas velocities in annular gap

To determine gas velocities in the reactor pit during the blow down, two experiments were conducted at a failure pressure
of 0.25 MPa and 0.5 MPa with standard geometry (L-04 and L-05, s. Table 1). However, no liquid simulant was used in these
tests to avoid disturbances during the measurements due to liquid-gas interactions.

Gas velocities were measured using a Particle Image Velocimetry technique. PIV is now a well-established technique for
measuring instantaneous velocity fields in flow systems [9]. Tracer particles are introduced in the flow system, and are illu-
minated by the very intense light of a pulsed or continuous laser. A CCD-Camera records at two consecutive known times
images of the particles. The displacement of the particle images is then determined by correlating the particle image pairs of
both pictures.

Figure 6 shows the experimental set up used for these investigations. Tracer particles with a size of 10 pm were intro-
duced into the RPV by a Laskin nozzles seeding generator immediately before the start of the experiments. A pulsed Nd:
YAG laser was used to illuminate the oil tracer particles. The pulse energy was approximately 20 mJ and its duration 5 ns.



CYLINDRICAL LENS I The laser light was converted into a 2-D laser sheet by a cylindrical lens. With

this laser sheet a flow cross section in the annular gap was illuminated at intervals
of 35 us with a frequency of 15 Hz, while a 640x480 pixels CCD-camera, placed
perpendicular to the illuminated flow cross section, recorded the particle flow.
The digital image pairs were recorded during the experiment and evaluated by a
PIV software later on.

A circular window was mounted at the top of the Plexiglas cylinder to facili-
tate optical access for the CCD-Camera. The dimensions of the flow cross section
are shown in Fig. 7. Through the optical window an interrogation area of 21.75 x
23 mm could be evaluated. The wall of the RPV can be recognized as a dark
region placed at the right of the 21.75 mm wide annular gap.

LASER SHEET
21.75 x 23 mm

Nd:YAG

Drop and liquid jet velocities

Measurements of drops and water jet velocities at the nozzle Nr. 1 (see Fig. 1)
were carried out for a group of three experiments: T-02, D-22 and D-23. The
parameters used are presented in Table 1. In two of the experiments the liquid
‘ was filling the lower head (standard geometry), and in the other one, the liquid
,,,,,,,,,,,, 3 was contained in a standpipe in the RPV.

Again, the measurements were based on a PIV technique. The two phase flow
was illuminated with a laser sheet and recorded with a CCD-Camera. However,
no tracer particles were used since the flow conditions would not have permitted
their visualization. On one hand, the particles present in the water jet would not
have been illuminated due to the fact, that the laser light is strongly reflected by
the moving jet surface. On the other hand, tracer particles contained in droplets
are useless because the droplets itself can be used as seeding. The drop velocity
vectors were separated from the water jet ones by using a masking technique as
Fig. 6 Gas velocity measurements post processing.

in annular gap
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Drop sizes

Tracg Panictes The digital images taken for measuring drop and liquid jet velocities could

also be analyzed by a special software to extract drop sizes. By means of a
thresholding routine the software can recognize drop images as separated fea-
veewrField — tures. Once the drops are identified, a series of data related to these features (sur-

Optical
Window in

Plexiglas
Cylinder

Height 23 mm . . . .
‘ face, perimeter, circularity ...etc.) can be extracted and exported. The equivalent
° FLOW ° . . . . .
DIRECTION circular diameter was chosen in this case as the parameter to characterize drop
size.
Amalar Gop Using this digital measurement technique, there is a lower bound of drop size
Width 22.5 mm conditioned by the resolution of the CCD-Camera chip. Drop sizes shorter than

one pixel can not be observed, that is to say, droplets smaller than 220 um could

Fig. 7 Vector field dimensions in . .
g not be measured in these experiments.

annular gap

RESULTS

Pressures

The static pressure in the RPV and the total pressure on the cavity floor below the hole are shown for some tests in Fig. 8.
From the total pressure signal we can infer that there are four distinct stages of the outflow. First of all, the liquid flows out of
the calotte and the liquid pool height diminishes. At a certain moment, the liquid height is not enough to support the gas pres-
sure and a blowthrough takes place. The time of blowthrough can be expressed in terms of the height of the liquid at which
the blowthrough occurs. This time is short for large hole sizes and high liquid velocities, i.e. high pressures and low liquid
densities. During the blowthrough stage, the flow out of the RPV is in the form of a two-phase flow. Most of the liquid is
entrained during this stage. When no more liquid is available in the calotte, a single-phase gas choked flow begins until the
pressure ratio between RPV and cavity is below the critical value. From this time on, a subsonic single-phase gas flow can be
observed. For more information see [10].

In those experiments where the liquid is contained in a standpipe, the single-phase liquid outflow takes longer as in ex-
periments with standard geometry, where the same liquid volume, failure pressure and hole dimensions were employed. For
example, in test D-07 the duration of this stage is approximately of 106 ms (blowthrough time), while in test T-02 this stage
takes 245 ms. Also, the pressure values registered during this period were higher in T-02. The influence of the liquid volume
on the blowthrough time can be observed by comparing the blowthrough time in D-07 (3.4. 10 m? liquid) with D-23



(1.8. 107 m?), which are 106 ms and 28 ms respectively. The blowthrough in D-22 occurs at t = 41 ms, just 7 ms earlier then
in D-04 (48 ms).
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Fig. 8 Pressure histories for experiments D-07, T-02 and D-04

Dispersal fractions

The parameters used in some selected experiments as well as the obtained dispersal fractions are presented in Table 1 and
Fig. 9 for comparison. The following conclusions can be obtained from these results:

- Central holes lead to large dispersal rates (Fig. 9). Depending on hole diameter and burst pressure, liquid dispersed frac-
tions between 10 % and 75 % were obtained.

- Small lateral breaches lead to small dispersed fractions, because not all liquid is swept out of the lower head. That is to
say, entrainment of liquid in the lower head can-
not act below a certain liquid level and, in contrast

. . Table 1. Dispersal fractions for different failure modes
to experiments with central holes, always some

mass of liquid remains in the RPV. Liquid | Hole | Burst | Compart. | Cavity
- Large breaches (unzipping of lower head) Test | Geometry | Gas | wat/me | Dia. | Press. total RPV
lead to small dispersed fractions, because the gas 10°m’ | (mm) | (MPa) i fi=fitf,
can blow out of the lower head without impedi- D-15 central N [ 34w 25 1 0348 | 0193 0.807 0
ment by the liquid and the blow down time is very D071 central Noo | 34w 2510620 1 0518 0482 0
. . . . D-04 central N, | 34w 25 | 1190 | 0.698 0302 0
short. There is no time for the gas to interact with
L .. D-17 central N, | 18w 25 o612 | 0407 0.593 0
the liquid and entrain it. However, small fall
heichts of the | head lead to | di . H-01 central He | 34w 25 | 0.641 0.350 0.651 0
cights ol the lower head lead to larger dispersion M-02 central N, | 30m 25 | 0595 | 0.060 0940 | 0.001
rates because the blow down time is longer. R-02 | laterals N> | 18w | 25 | 1102 | 0250 | 0488 | 0262
- Using a larger cavity diameter (wider annular R-03 lateral © N | 18w 25 1.100 0.358 0.531 | 0.111
gap) the dispersion rates were only somewhat F-03 | widerann. gap | N» | 34w | 25 | 1.076 | 0632 | 0367 0
smaller. F-04 melt trap Ny | 34w 25 1.100 0.280 0.720 0
- In the tests with the melt trapping device F-06 ‘?Z::}:;‘%* N, | 18w | 25 | 110 | 0097 | 0784 | 0119
could be observed, that the cylinder separates the
. . . S-01 Vent. channel N, 34w 25 1.102 0.713 0.274 0
liquid at the cavity wall from the gas. The gas can
fl . h hil he li id i D-13 central Na 34w 50 0.353 0.551 0.449 0
ow mto the compartments, while the lLiquid 1s D-06 central N, | 34w | 50 |o619 | 0669 | 0331 0
trapped between the cylinder and the cavity wall. D-05 central N, | 34w 50 | 1200 | 0759 0241 0
However, the liquid falls back into the cavity as T-01 stand pipe N, | 34w 50 0610 0.760 0.240 0
soon as the top of the gap is reached and can be D-09 central N, | 34w 100 | 1.137 0.741 0.259 0
entrained by the gas, but at lower gas velocities. K-03 unzip N, | 20w | h=16 | 1.100 0.007 0579 | 0413
This reduces the dispersion substantially. For D-08 central N, | 34w 100 | 0.613 0.717 0.283 0
example, combining a lateral hole with the melt K-01 unzip N, | 21w | h=57 | 0500 | 0.011 0.894 | 0.095
trapping device like in test F-06, the dispersed L-04 central N, 0 50 | 0.365 - - -
fraction reduces from 35.8 % (without melt trap- L-05 central N 0 S0 ] 062 - - -
ping device) to 9.7 % (using the cylinder). Moreo- T-02 | stand pipe Noo | 34w 25| 06041 0.553 0447 0
ver, if liquid metal is employed instead of water p-22 central Noo | 18w » 0.623 0360 0.640 0
’ 4 ploy! ’ D-23 central N, | 18w 25 | 1103 | 0652 0348 0

the dispersed fraction values could be even
smaller.

- In the experiment with the 4 openings leading into the ventilation channel, no liquid was transported into the melt
spreading room and just 1 % of the liquid was found in the circular channel around the cavity.

- In all experiments could be observed, that depending on the available space at the vessel support structure, a certain
amount of liquid mass is caught in the space behind the conical ring, provided the liquid reaches this position.
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Gas velocities in annular gap

Depending on the duration of the blow down, between 6 and 8 image pairs
were taken in the experiments L-04 and L-05 with a 15 Hz frequency. From each
picture pair, a 11x12 velocity vector field could be calculated. As an example, the
vector field at t = 30 ms is presented for test L-04 in Fig. 10. Each vector repre-
sents the velocity of a 32x32 pixel cell, approximately, an area of 6x6 mm. The
coordinate x = 0 defines the position of the RPV wall.

From experimental pressure and temperature data, a mean value for the gas
velocity in the annular gap can be calculated. A comparison between this calcu-
lation and mean velocity values obtained by means of PIV is presented in Fig. 11.
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From the experimental vector fields, mean velocities at constant distance from the RPV were calculated. In this way, ve-

locity profiles at different times could be obtained as represented in Fig. 12 for both experiments.



These results show, that there is no fully developed flow at the top of the annular gap, but a flow with higher velocities
close to the RPV wall. This is due to the 180° entrance effect or an effect of the blockage at the RPV support structure at the
outer diameter of the annulus. This asymmetrical profile form can be observed in both experiments and disappears gradually
as the blow down comes to an end, taking a flat form. Although the higher velocities could be observed closer to the RPV
wall, it has to be pointed out, that also very high velocities develop close to the cavity wall. About 80 m/s could be measured
in test L-05 and approximately 40 m/s in L-04, values which can lead to large liquid entrainment rates despite the short length
of the annular gap.
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Fig. 12 Velocity profiles

Drop and liquid jet velocities
Typical velocity fields at the outlet of the main coolant lines are presented in Figs. 13a and 13b.
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In general, the droplets show large horizontal velocity components
whereas the velocities in the liquid bulk show the gravity effect. Moreover, the
velocities which develop in the liquid jet are lower then that calculated for
droplets. To show this effect, mean velocity values were calculated for both
groups and are presented versus time in Figs. 14 and 15. These results also
reveal, that the different way of containing the liquid in the RPV, namely hav-
ing the liquid in a pipe, leads not only to larger dispersed fractions but also to
higher transport velocities out of the cavity. Concerning liquid velocities, it is
almost equivalent to double the failure pressure from 0.25 MPa to 0.5 MPa as
to confine the liquid in a standpipe. Relative to the droplets, even higher ve-
locities could be observed for test T-02 at 0.5 MPa than for test D-23 at 1 MPa.

In all of the PIV measurements, a wide range of drop velocities could be
observed and in many cases two velocity groups could be recognized: one low
velocity group and one high velocity group. As an example, one histogram for
drop velocities of one of the experiments is shown in Fig. 17. Probably, the
high velocity group consists of small droplets, which are accelerated better by
the gas. However, the PIV technique can just provide a mean velocity value
related to the velocities of all drops contained in one cell. Therefore, no conclu-
sions about velocities of individual drops can be drawn.

Drop sizes
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Fig. 17 Drop velocities

Average drop sizes versus time are presented in Fig. 18 for the three experiments. The size range varies from 220 pm
(minimum observable drop size) up to several millimeters, depending on failure pressure and test geometry. These drop size
ranges are much larger than some found in the literature. This is basically due to differences in the used release modes and
pressure failure ranges. In some referenced experiments, reactor cavity designs different than those presented in this work are
employed [11]. In others, a similar annular cavity geometry is used but there is additionally a large flow path into the con-
tainment directly straight up [7]. Because of these differences, a comparison of all these works has to be done very carefully.

In Fig. 19 drop sizes at t = 667 ms for test D-22 are presented in form of a histogram.
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Fig. 18 Mean drop size versus time

The mean drop size increases in D-23 and D-22 at the end of the dispersion

process (Fig. 18) and in T-02 the same tendency can be observed.

The number of drops observed reaches a maximum at the end of the two-phase
flow stage (Fig. 20). This is due to the higher gas velocities during this stage lead-

ing to higher drop fragmentation rates.

CONCLUSIONS

The DISCO-C experiments were carried out in a scaled EPR- like annular cavity
design. Cold simulant materials were used to study the fluid mechanics of the dis-
persion process. Dispersal rates and pressure histories were analyzed employing
low failure pressures and several failure modes. Moreover, measurements of drop

sizes and velocities, as well as gas velocities, were presented.

Fig. 19 Drop sizes histograms for D-22 at t = 677 ms
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Fig. 20 Number of droplets vs. time



Concerning dispersion phenomena, the following conclusions can be drawn:

- Central hole failures lead in general to high dispersal rates. Differences could be observed depending on the hole size,
burst pressure and density of the simulant materials used. The total amount of liquid is ejected out of the RPV.

- Small lateral breaches lead to less dispersion because liquid entrainment by the gas flowing out of the lower head is
limited to a certain liquid level. That is to say, the liquid height in the lower head relative to the upper and lower edge of the
breach plays in this case an important role. In most of these experiments some liquid remains in the RPV.

- Large lateral breaches result in low dispersion rates due to the low interaction existing between the gas and the liquid in
the RPV. Here the blow down time is an additional parameter determining the dispersion process.

- A certain amount of liquid is found in the RPV support, if the liquid reaches this position.

Observing pressure histories it can be deduced, that several stages take place during the dispersion of melt: one-phase
liquid flow, two-phase outflow after the blowthrough and single-phase gas flow. The time duration of all these periods de-
pends strongly on the failure mode used.

Gas velocities in the annular gap were determined by means of PIV. The measurements show good agreement with ve-
locities calculated from experimental pressures and temperatures. It can be concluded, that there is no fully developed flow in
the annular gap. Higher velocities could be observed close to the RPV wall.

Drop sizes at the compartments range between 220 um and several millimeters. A tendency for drop mean size to increase
as gas velocities diminish could be observed. At a time close to the begin of the single-phase gas outflow, a maximal number
of droplets can be observed in the experiments.

Drop velocities are larger than water jet velocities and present also larger horizontal velocity components. The gravity
effect can be observed in the water jet vector fields, especially at the end of the outflow process.

From visualization of the flow phenomena at the compartments, it could be concluded, that the water jet observed in the
PIV pictures is a prolongation of the liquid film observed in the reactor cavity. Therefore, drops observed in the pictures have
two possible origins:

1. Drops entrained by the gas due to the shearing force exiting between gas and liquid film in the annular gap. These drops
are carried out of the reactor cavity and along the main coolant lines into the compartments by the gas. They have high ve-
locities and small diameters.

2. Drops resulting from the fragmentation of the liquid jet at the compartments. These drops have usually larger diameters
and lower velocities.

The complete data of all experiments can be found in [12].
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